Phenomenological studies support the applicability of naturalness and naive dimensional analysis to hadronic eective lagrangians for nuclei. However, one-baryon-loop vacuum contributions in renormalizable models give rise to unnatural coecients, which indicates that the quantum vacuum is not described adequately. The eective lagrangian framework accommodates a more general characterization of vacuum contributions without reference to a Dirac sea of nucleons. PACS number(s): 24.85+p,21.65.+f,12.38.Lg Typeset using REVT E X 1
(\mean") meson elds can still incorporate vacuum dynamics, hadron compositeness, and many-body correlations, albeit approximately [9, 18, 19] . The price to be paid is that all possible terms consistent with the underlying symmetries (excluding redundancies) must appear in the eective lagrangian. Nevertheless, by relying on the concept of \naturalness" (as dened below), it is possible to systematically truncate the eective lagrangian, leaving only a nite number of unknown parameters; moreover, recent ts to empirical nuclear properties using this framework give strong evidence that the model parameters are indeed natural [9, 18, 19] .
From this point of view, the RHA in renormalizable QHD models is simply one specic prescription for determining an innite number of parameters in the eective theory, namely, the coecients in the scalar eective potential and of terms involving derivatives of the boson elds. Here we assess the relevance of the RHA prescription by examining the size of these coecients. We nd that the RHA leads to unnaturally large coecients, in disagreement with results obtained from ts to empirical nuclear properties [19] . This implies that although it may be possible to explicitly include vacuum dynamics by calculating baryon vacuum loops, it is much more ecient to include them implicitly in the small number of natural parameters contained in the truncated eective lagrangian.
There have been more formal criticisms of the RHA: (1) the RHA vacuum contributions violate N c counting rules motivated from quantum chromodynamics (QCD) [20, 21] , (2) the RHA neglects the compositeness of the nucleons [22{24], and (3) the treatment of the vacuum in terms of NN pairs alone is simply wrong, or at best incomplete [22,24{27] . It seems much more compelling to us that one should avoid explicit baryon-loop calculations simply because the empirical properties of nuclei show that dynamical vacuum eects are quite modest and can be described with a few adjustable parameters.
Georgi and Manohar [28, 15] have proposed a naive dimensional analysis (NDA) for assigning a coecient of the appropriate size to any term in an eective lagrangian for the strong interaction. This NDA has been extended to eective hadronic lagrangians for nuclei [19] . The basic assumption of \naturalness" is that once the appropriate dimensional scales 3 have been extracted using NDA, the remaining overall dimensionless coecients should all beof order unity. For the strong interaction, there are two relevant scales: the pion-decay constant f 93 MeV and a larger scale 0:5 < < 1 GeV, which characterizes the mass scale of physics beyond Goldstone bosons. The NDA rules prescribe how these scales should appear in a given term in the lagrangian density:
1. Include a factor of 1=f for each strongly interacting eld. 2. Assign an overall normalization factor of f 2 2 .
3. Multiply by factors of 1= t o a c hieve dimension (mass) 4 . 4. Include appropriate counting factors (such as 1=n! for n ).
The appropriate mass for might b e the nucleon mass M or a non-Goldstone boson mass; the dierence is not important for numerical assessments of naturalness, but will be relevant for the N c counting arguments considered later.
As an example of the NDA prescription, a term in the scalar eective potential takes the form
The coupling constant n is dimensionless and of O(1) if naturalness holds. Until one can derive the eective lagrangian from QCD, the naturalness assumption must bechecked by tting to empirical nuclear data. Such ts give strong support for naturalness [19] . We can assess the naturalness of the RHA vacuum contributions by matching the results in a renormalizable model to an eective mean-eld theory in which the Dirac sea degrees of freedom are excluded by construction. The matching to the RHA is conveniently made with an eective action, in which the Dirac sea contribution is easily isolated. (See, for example, Ref. [9] .) The one-loop Dirac sea eective action 0 in models with Yukawa couplings to the nucleon takes the (unrenormalized) form
4 where M M g s , and V are neutral scalar and vector elds, g s and g v are their couplings to the nucleon, and the trace is over spatial and internal variables. For timeindependent background meson elds, the eective action is proportional to the energy. 1 The expression in Eq. (2) can berenormalized and evaluated as a derivative expansion [29] in the and V elds:
This expansion in inverse powers of M converges rapidly for nite nuclei [30{33]. The eective potential U e and the coecient functions Z i can be further expanded in (innite) polynomials in with well-behaved coecients; that is, there is a local expansion of 0 , which can be absorbed into an eective lagrangian for nuclei. Thus the nite Dirac sea contribution can be reproduced by an eective lagrangian treated at the mean-eld level with only valence nucleons, as long as all possible terms (generally nonrenormalizable) are included.
The eective potential U e () is found by evaluating the trace in Eq. (2) with constant elds. This expression is divergent and must beregularized and renormalized to obtain a nite result, which takes the general form [1] U e () = (4) 2 M 4 ln M + tion. Note that in a renormalizable model, only the rst four powers of are available as counterterms. In an eective lagrangian, however, all powers are present. The most common prescription has been to choose the n to cancel the rst four powers of appearing in the expansion of the logarithm [1] 
where we used 4f M and g s M=f . Thus the one-baryon-loop contribution to the vacuum energy is roughly two orders of magnitude larger than naturalness requires. It is not hard to show from Eq. (5) that all higher powers of contain essentially the same large overall factor. We can make an instructive comparison of natural and unnatural coecients using the linear sigma model, generalized to include a neutral vector meson. Variations of this model have been used to investigate the role of chiral symmetry in nuclear structure [34, 1, 4] . 2 After 2 The limitations of this approach are discussed in Refs. [8] and [9] .
where the associations ! , g ! g s , and m ! m s should bemade for our discussion.
Comparing to Eq. (1), with identied as m s , w e nd 3 = 4 = 3, so that the nonlinear parameters are natural at the mean-eld level. 3 However, if one includes the one-baryonloop vacuum corrections, renormalized in a fashion that preserves the chiral symmetry [34, 8] , one nds unnatural corrections to the cubic and quartic couplings: 3 MeV in the RHA. This is a large eect, particularly since it is the 5 term that makes the dierence. When a general eective lagrangian is t to nuclear properties, terms of this order play essentially no role [19] .
Contributions to the scalar potential at equilibrium density from U e () and from the original tree-level lagrangians are plotted in Fig. 1 for the Walecka model and in Fig. 2 for the linear sigma model. In each gure, the crosses indicate contributions to the energy density estimated using naturalness, with error bars allowing for a range of and M =M. A steady decrease with increasing n is evident, which motivates the truncation of eective lagrangians with natural coecients. M =M in natural models (and phenomenologically successful ones) is typically between 0.60 and 0.66. For those values, the RHA O( 5 ) contribution would be as large as a typical O( 3 ) contribution in a natural model (see Fig. 1 ) and would prevent a successful description of nuclear structure. In fact, the unnatural and unbalanced O( 5 ) term drives M =M to its self-consistent v alue of 0.73. Higher-order contributions are essentially negligible, because of the natural factor of =f (and a combinatoric factor) that accompanies each higher power. In the linear sigma model, which has unnatural O( 3 ) and O( 4 ) contributions from the RHA, M =M is driven to 0.9.
It is possible to devise a prescription [35] that leads to an eective mass M =M and a nuclear compressibility consistent with a reasonable (although not optimal) t to properties of nite nuclei (see Ref. [18] for the criteria). However, this requires choosing n coecients in Eq. (4) to achieve sensitive cancellations between terms of dierent order in the eective potential, so as to neutralize the eect of the unnatural 5 contribution. The unnaturalness of the vacuum nucleon loop contributions is generally characterized by the changes in the coecients that accompany O(1) changes in the scale [say, from to e in Eq. (4)], as in Ref. [28] . The subsequent changes in the n coecients are obtained by expanding M 4 =(4 2 ). These changes are large compared to the natural size implied by Eq. (1).
Based on the strong empirical evidence for naturalness, we conclude that the treatment of the quantum vacuum at the one-baryon-loop level is, at best, inadequate. Although the concept of a Dirac sea is compelling for nuclear physicists because of the analogy to the Fermi sea, the explicit calculation of these eects prejudices the description of the vacuum dynamics and (to date) has not yielded results consistent with nuclear structure phenomenology. Moreover, the self-consistent, valence-nucleon-only theory is covariant, causal, and internally consistent by itself, and the empirical evidence shows that the vacuum degrees of freedom can beincluded implicitly by a small number of local interactions among the mesons and valence nucleons. Note that the omission of explicit dynamical contributions from the Dirac sea does not mean that one can discard negative-energy solutions entirely; they must be retained to ensure the completeness of the Dirac wave functions in certain calculations of density-dependent eects (for example, linear response) [36, 37] .
It should also be emphasized that an eective lagrangian allows for a more general characterization of the vacuum dynamics than that arising from baryon loops. The explicit calculation of counterterms in the eective lagrangian is unnecessary, since the end result is simply an innite polynomial in the scalar eld, with nite, unknown, and apparently natural coecients arising from the underlying dynamics of QCD. To have predictive power, one must rely either on the truncation scheme provided by naturalness (see Ref. [19] ), so that only a small, nite number of unknown coecients are relevant, or on some other dynamics to constrain the form of the renormalized scalar potential. For example, a simple model is used in [9] to show how the broken scale invariance of QCD leads to dynamical constraints on the scalar potential, and ts to the properties of nite nuclei also generate coecients that are natural.
Another potential diculty in the explicit calculation of baryon vacuum loops is that RHA vacuum contributions violate N c counting rules motivated by consistency with QCD [20, 21] ; (9) which is consistent with the usual N c counting. It is important here that the normalization factor 2 f 2 comes from the meson mass term, with the meson mass m s being O(1) ratherthan O(N c ). Thus N c counting implies that the vacuum response is qqin nature; the response of a NN vacuum is unlikely to agree with the large N c limit. Finally, we comment on the statement often made or implied in the literature that hadronic eld theories treat nucleons as point particles and so do not account for the compositeness of nucleons. The use of eective lagrangians with elds for composite particles is by now well established (e.g., chiral perturbation theory with nucleons and pions). In Ref. [19] , the electromagnetic structure of the nucleon manifestly appears at the mean-eld level using a hadronic eective lagrangian for nuclei. The key features are the inclusion of nonrenormalizable interaction terms and the use of a derivative expansion to incorporate the nucleon compositeness; indeed, the allowed freedom in the denition of the boson elds shows that even renormalizable terms like 3 and 4 implicitly include the eects of nucleon substructure. Thus, the deciencies of the RHA are not intrinsic to the use of nucleons (and the Dirac equation) to describe nuclei, but arise because the implied vacuum dynamics is incorrect or incomplete.
In summary, we have examined the relativistic Hartree approximation (RHA) to renormalizable hadronic eld theories in the context of modern eective eld theory. The parameters obtained in phenomenologically successful mean-eld models of nite nuclei exhibit naturalness, as anticipated from naive dimensional analysis of the strong interaction. However, the parameters implied from vacuum loops in the RHA are unnatural. Since the phenomenological parameters in successful models implicitly include the eects of vacuum dynamics, we conclude that the explicit treatment of the vacuum in the RHA, which i n v olves the Dirac sea of nucleons, is inadequate. In contrast, a natural eective model with only valence nucleons, including all possible (nonredundant) terms, is consistent with nucleon compositeness, N c counting, and nuclear structure phenomenology. Extensions to include higher-order vacuum loops will bediscussed in subsequent work.
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